Recent experimental evidence suggests that most of the genome is transcribed into non-coding RNAs. The initially made transcripts undergo further processing generating shorter, metabolically stable RNAs with diverse functions.
INTRODUCTION

Identification of an increasing number of non-coding RNAs (ncRNAs), derived from longer RNA precursors
Previous work on gene expression was centered on protein coding mRNAs. The use of new RNA detection techniques, such as deep sequencing and microarray analyses showed that most of the human genome is transcribed as RNA although generally at lower levels than the 1.2% of the genome that encode proteins [1, 2] . Thus, non-protein coding RNA represents the most abundant form of gene expression. Probably all initial transcripts are shortened through more than 20 different RNases [3] .
The processing of RNA precursors results in an increasing number of non-coding RNA families, summarized in Tables 1 and 2 . All these RNAs derive from a longer precursor through the action of various RNases (Figure 1 ). These RNases are diverse and include exoand endonucleases acting on single RNA strands, as well as RNases cleaving double strands. The mature non-coding RNA escapes enzymatic degradation through a variety of mechanisms. The formation of double stranded RNA structures at the ends protects them from exonucleases that cleave single stranded RNAs. Base modifications, such as 2'-Omethylation and pseudouridinylation decrease RNase sensitivity; modification of the ends by capping, adenylation or uridinylation protects against exonucleases. Most frequently forming ribonuclear protein complexes composed of RNA and proteins protect the RNA from further nuclease action.
The fragmentation of longer RNA precursors is not random, and selectivity for the cleavage sites is achieved by three major avenues: guiding RNAs, such as snoRNAs mark the site of cleavage, which is best understood for ribosomal RNAs. The second principle for marking the processing site is secondary structures, best understood for miRNAs, where double stranded regions in the RNA determine the site of cleavage by the Drosha/DGCR8 complex. Finally, proteins can mark cleavage sites by either protecting RNAs from further exonuclease activity, as discussed in the processing of snoRNAs below or by marking endonuclease sites, as exemplified by DGCR8 [4] .
Through this interplay of nuclease action and RNA protection mechanism, metabolically stable shorter RNAs are formed. These RNAs generally show base modifications and are associated with proteins. Their function is subject to intense investigations. Some abundant non-coding RNAs have clear defined functions (Table 1) , whereas roles for a large number of non-coding transcripts are not clear, but new functional classes are emerging (Table 2) . It is currently investigated whether all non-coding RNAs have a function, represent 'transcriptional noise' or possibly represent a reservoir for future evolutionary selection [5] .
Recently, fragments of medium size non-coding RNAs, snoRNAs and tRNAs have been detected [6, 7] . This indicates that even RNAs that have previously been considered metabolically stable can be further processed to generate new RNA forms.
We review here the evidence that RNA fragments derived from snoRNAs influence gene expression, adding a new example of smaller, functional RNAs made from larger precursors.
Canonical snoRNAs: A classic example for functional ribonuclear complexes (RNPs)
Small nucleolar RNAs (snoRNAs) are 60-300 nt long non-coding RNAs that accumulate in the nucleolus. Based on characteristic sequence elements, snoRNAs are classified as C/D box and H/ACA box snoRNAs. In humans, these RNAs are usually derived from intronic regions. After the splicing reaction, introns are excised as lariats that are opened and subsequently degraded. snoRNAs escape this degradation by forming a protein complex. Most snoRNAs are located in a conserved area of vertebrate introns, which is 70-90 nt upstream of the 3' splice site [8] (Figure 2A ). In addition, several snoRNAs in humans (for example U3, U8 and U13 snoRNAs) are transcribed as separate units from polymerase II promoters.
snoRNA particles (snoRNPs) contain proteins with enzymatic activities. C/D box snoRNAs contain fibrillarin that promotes the 2'-O-methylation of the RNA targets. H/ACA box snoRNPs contain dyskerin that catalyzes the conversion of uridine to pseudouridine. The overall function of snoRNAs in this process is twofold: the RNA forms a scaffold for the assembly of the RNP complex and in addition guides the enzymatic activity to distinct nucleotides of the target RNAs recognized by hybridization to specific parts of the snoRNAs. For C/D box snoRNAs, the assembly of proteins is aided by C (RUGAUGA, R=purine) and D (CUGA) boxes usually present in duplicates (C' and D' boxes) that generate a distinct secondary structure. An antisense box hybridizes to the target RNA. H/ ACA box snoRNAs contain two stems that form a pseudouridinilation pocket and two single stranded regions that contain the conserved H (ANANNA) and ACA elements. Due to the bound proteins with enzymatic activity, snoRNAs modifies other non-coding RNAs, such as ribosomal RNA [9] , U5 and U6 small nuclear RNAs (snRNAs) [10, 11] and transfer RNA in archea [12] . C/D box snoRNAs perform 2'-O-methylation and H/ACA box snoRNAs perform pseudouridinilation in the nucleolus. The function, biogenesis, snoRNP composition and targets of these canonical snoRNA, have been covered in excellent reviews [13] [14] [15] [16] [17] [18] [19] and are available in the LBME snoRNA database [20] .
Orphan snoRNAs suggest non canonical snoRNA functions
The conserved overall structure of snoRNAs allows the identification of their target RNAs. However, numerous snoRNAs without target RNAs have been identified [21] [22] [23] [24] and were termed "orphan snoRNAs". Despite the absence of an RNA that binds to their antisense sequences, these snoRNAs have physiological roles. For example, the SNORD114-1 snoRNA promotes cell cycle regulation through G0/G1 to S phase transition and is deregulated in cancer cells [17] .
Another C/D box snoRNA, SNORD 115 (HBII-52), showed sequence complementarity to the serotonin receptor 2C pre-mRNA and influenced alternative splicing of this pre-mRNA [25] . Unexpectedly, the snoRNAs SNORD32A (U32A), SNORD33 (U33) and SNORD35A (U35A) accumulate in the cytosol under cellular stress conditions. As the latter are canonical snoRNAs with known ribosomal targets, it is possible snoRNAs could function outside the nucleolus ( Figure 2H ) [26] .
These findings indicated that snoRNAs could have functions other than the nucleolar modification of ribosomal RNA (rRNA) and snRNAs. Furthermore, if snoRNAs travel at least temporarily into the cytosol, they could be subjected to non-nuclear RNases.
snoRNAs GIVE RISE TO SHORTER FRAGMENTS (sdRNAs) CONSISTING
OF miRNAs AND PROCESSED snoRNAs (psnoRNAs)
Identification of snoRNA fragments suggest a new class of non-coding RNAs
Deep sequencing experiments that identified shorter snoRNA fragments provided insights into how snoRNAs could perform new functions. These fragments were found in all species tested, ranging from mammalian species to Giardia lamblia [27] and Epstein-Barr virus [28] .
H/ACA box snoRNAs give rise to RNAs of 17-19 nt in length. C/D box snoRNAs generate fragments longer than 27 nt. This length distribution argues that most of C/D box snoRNA fragments are different from miRNAs that have a medium length of 21-22 nt [6, [29] [30] [31] . A recent thorough bioinformatic analysis supported by experimental validation suggested that about half of all C/D box snoRNAs generate shorter fragments. These fragments mostly contain C and D boxes and are conserved across multiple cell lines, indicating they are not the result of random degradation [31, 32] . Well-characterized fragments are shown in Figure  3 and are listed in Supplemental Table 1 .
Technical improvements allow detection of an increasing number of RNA fragments
Similar to other small non-coding RNAs, snoRNA fragments were discovered only recently and are part of ongoing research. In evaluating the literature, the techniques employed need to be taken into account. snoRNA fragments were detected by high-throughput sequencing and RNase protection analysis, which are more sensitive than previously employed conventional cloning techniques or oligonucleotide-based detection by Northern blot. Initially, snoRNA fragments were discovered from cDNA libraries constructed to identify miRNAs. To enrich for the expected miRNAs, the cDNA was generated from RNA selected to be less than 30-35 nts long [33] or from RNAs associated with argonaute proteins [34] , which resulted in a bias towards miRNAs.
RNase protection assays offer an unbiased way to detect snoRNA fragments. In these experiments, a uniformly labeled antisense probe is hybridized to the snoRNA. RNAse protection is more sensitive, as the probes have a higher specific activity compared to endlabeled oligonucleotide probes. For example, a 100 nt long probe has a 25 fold higher specific activity than a single end-labeled oligonucleotide. A RNA protection probe covers the whole area of a precursor RNA, which allows detecting fragments whose lengths indicate the RNA fragments. Since snoRNA fragments are often less than half the size of the full-length snoRNAs, it is important to use high-specific activity probes for detection [35] as the signal strength is directly proportional to the RNA length. End modifications of RNA can interfere with linker addition necessary for cDNA synthesis. The synthetic antisense RNA used for protection is not modified, which allows cloning of RNA fragments independent of modifications. Using a new cloning technique the sequences of snoRNA fragments generated from the C/D box snoRNAs SNORD 116 (HBII-85) and SNORD115 (HBII-52) were determined [35] . In agreement with earlier deep-sequencing studies [36] , it was found that these snoRNAs generate fragments larger than miRNAs.
Together, the application of new experimental techniques showed the existence of metabolically stable snoRNA fragments. snoRNA fragments were termed psnoRNAs for processed snoRNAs [37] or sdRNAs for snoRNA derived RNAs [6] . We suggest to use the term psnoRNAs for snoRNA derived RNAs larger than 22 nt and use sdRNAs to describe both psnoRNAs and snoRNA derived miRNAs ( Figure 2E ).
psnoRNAs associate with different proteins than canonical snoRNAs
Canonical C/D and H/ACA box snoRNA associate with a defined set of proteins (fibrillarin, NOP56/58, 15.5 kD for C/D box proteins; dyskerin, NHP2, GAR1 and NOP10 for H/ACA box snoRNAs) that form the mature snoRNP [19, 38] . The mechanism of snoRNP formation was studied for U3, a C/D box snoRNA acting in pre-rRNA processing that is not intron encoded, but driven by its own promoter [39] . There are at least two protein complexes associating with the U3 snoRNA during maturation. The complexes contained the core C/D box snoRNP proteins 15.5 kD, Nop 56/58 and fibrillarin. Additional proteins were present that function in snoRNP assembly (TIP48, TIP49, Nopp140), RNA processing (TGS1, La, Lsm4, Rrp46) and RNA localization (CRM1, PHAX) [40] . These findings showed that noncanonical proteins associate with snoRNAs during their maturation.
The protein composition of psnoRNAs from the SNORD115 (MBII-52) clusters was analyzed by pull down experiments from soluble nuclear extracts using oligonucleotide capturing. The RNA associates with proteins involved in different pathways such as premRNA splicing (hnRNPs A1, A2/B1, A3, D0, Matrin-3, ELAV-like protein I) transcriptional regulation (pur alpha, pur beta, ATP-dependent RNA helicase A and TDP-43), and chromatin organization (Centromere protein V, nucleolin) [37, 41] . These experiments suggest that most of the SNORD115 RNAs form new RNPs.
However, these experiments cannot rule out that a part of SNORD115 RNAs associates with the canonical C/D box snoRNA proteins (fibrillarin, NOP56/58, 15.5 kD) in a fraction that is not captured in the oligonucleotide pull-down. Because of its role in the Prader-Willi Syndrome, the RNAs formed from the SNORD115 locus are under intense investigations. It was found that antisera against fibrillarin immunoprecipitate SNORD115 RNA from total cell lysates [42] , which suggests the formation of a canonical snoRNP complex. However, when SNORD115-RNA containing protein complexes are isolated according to their density in glycerol gradients, these complexes show a broader distribution than fibrillarin. Importantly, the fibrillarin and SNORD115 profiles do not overlap, as expected for a uniform particle [41] . In fact, it was shown that fibrillarin was absent from a large number of SNOR115 containing fractions, strongly arguing the existence of a non-canonical RNAprotein complex [41] . It is possible that fibrillarin associated SNORD115 RNA resembles 'storage' particles that under certain conditions can be processed and reorganized into different RNA:protein complexes.
Together, these reports indicate that RNAs derived from the SNORD115 cluster associate with a variety of RNA-binding proteins. It is possible the RNA forms both a canonical, fibrillarin containing RNP and new hnRNP containing complexes. In summary, the evidence shows that psnoRNAs can form ribonuclear protein complexes different from canonical snoRNAs.
How are psnoRNAs generated?
It is still largely unknown how snoRNAs generate shorter RNAs. Best understood is the formation of miRNAs from snoRNAs. Most mammalian miRNAs are generated from primiRNAs that undergo nuclear cleavage by Drosha/DGCR8, resulting in pre-miRNAs that are exported into the cytosol and cleaved by DICER into mature miRNAs that are loaded onto argonautes [4] . A dependence of snoRNA-generated miRNAs on DICER was experimentally confirmed for a micro RNA generated by the H/ACA box snoRNA ACA45 [34] . Other H/ACA box snoRNAs seem to follow this canonical miRNA pathway, as deep sequencing results from wild-type and DICER and DGCR8 knockout embryonic stem cells that showed different length distribution for H/ACA box snoRNA fragments [6] .
The situation is different for C/D box snoRNAs as deep sequencing showed no difference in length distribution between wild-type and DICER/DGCR8 knockout cells [6] . Work in the protozoan model organism Gardia lamblia suggests a DICER involvement in generating miRNAs from snoRNAs. Twelve out of 25 snoRNAs found in Gardia lamblia generated smaller (about 30 nt long) RNAs, six of which are Ago-associated [44] [45] [46] [47] . Gardia lamblia does not have homologues of DROSHA/DGCR8 and exportin 5, but has functional homologs for Dicer (GlDcr) and Argonate (GlAgo) [48] . One of the snoRNAs generating smaller fragments in Gardia lamblia is GlsR2, which is similar to the yeast and vertebrate U14 snoRNAs [49] . In vitro data and the in vivo GlDcr knockdown showed that the GLsR2 snoRNA is processed by unknown factors to an intermediate RNA (pre-miR5) that forms the substrate for Gardia lamblia DICER to form the miR5 micro RNA [45] . miR5 is loaded on Gardia lamblia argonaute and functions as micro RNA. This indicates miRNA generation from C/D box snoRNAs could share some, but not all features of classical miRNA formation. Since Gardia lamblia is an early eukaryote [50] , snoRNAs could be an evolutionally conserved source of miRNAs.
Global cross-linking of cellular RNAs to DGCR8 followed by deep sequencing surprisingly identified snoRNAs bound to DGCR8, indicating that some psnoRNAs could be generated through a novel DGCR8 dependent pathway [43] . Importantly, these snoRNAs are dependent on DGCR8, but not drosha, which could indicate that DGCR8 acts with other RNAses in psnoRNA generation. The knock-down of DGCR8 increased mature snoRNAs but did not affect pre-snoRNAs abundance. This suggests that DGCR8 acts on some mature snoRNAs rather than snoRNAs precursors.
For other C/D box snoRNAs, it remains to determined whether shorter RNA fragments are generated from mature snoRNAs or from their precursors. Although there is not much known about snoRNA degradation, these RNAs likely undergo a turnover in mammals. SNORD115 resides in an actively expressed gene in non-dividing neurons, which make a degradation pathway necessary to keep a steady state concentration. psnoRNAs could represent metabolically stable forms of this degradation, which is reminiscent to miRNAs generated from precursor RNAs through RNase action ( Figure 2H ).
The alternative for psnoRNA generation is that the hosting intron can generate either a canonical snoRNA or a psnoRNA. The knock down of the core C/D box snoRNA protein NOP58 in yeast resulted in the accumulation of snoRNA precursor [51] . The U3 maturation showed that these precursors associate with a variety of RNA binding proteins [40] , which could help in the formation and subsequent stabilization of psnoRNAs. In this model, canonical snoRNAs and psnoRNAs share a common precursor RNA ( Figure 2C ).
The data suggest that H/ACA and C/D box snoRNAs undergo various different processing pathways to generate miRNAs and psnoRNAs. It is possible that psnoRNAs can be formed by multiple pathways.
FUNCTION OF psnoRNAs
Proof of principle studies in yeast and human cell lines showed that altered canonical snoRNAs could change gene expression by modifying pre-mRNAs. For example, the antisense box of a C/D box snoRNA can be modified to target a region in the pre-mRNA adjacent to the branch point, which causes 2'-O-methylation of the branch point adenosine and reduces recognition of the downstream 3' splice site [52, 53] .
The identification of psnoRNAs expanded these new functions and raised the question whether psnoRNAs simply represent degradation forms of psnoRNAs or are functional, which is suggested by their abundance and their association with proteins. Some snoRNA expressing units were shown to change expression levels rapidly in response to physiological stimuli. For example, the C/D box snoRNAs SNORD116 and SNORD115 expression levels changes in the brain in learning paradigms [54] , which are not known to affect ribosomal modifications. This suggests that SNORD116 and SNORD115 loci could play roles outside canonical snoRNA functions, which could be fulfilled by psnoRNAs.
snoRNAs can be the source for miRNAs regulating translation
The best mechanistically understood role of snoRNA fractions is their function as miRNAs (reviewed in [55] ), ( Figure 2H ). Numerous miRNAs were generated from snoRNAs. The functionality of several snoRNA derived miRNAs was confirmed in reporter gene assays [34, 45] . Interestingly, some canonical miRNAs are located in the nucleolus and not in the cytosol as most other miRNAs. This could indicate a nucleolar function of some snoRNA derived miRNAs [56] .
Several of the snoRNA derived miRNAs originate from orphan snoRNAs, such as SNORD83A, GlsR17, GlsR16 (Supplemental Table 1 ). This could indicate that some orphan snoRNAs function as a substrate for miRNA production [33] . In this model, the mature, nucleolar orphan snoRNA would act as a storage form for a miRNA precursor. Furthermore, several snoRNAs shown to act on ribosomal RNA generate miRNAs, which could indicate that these snoRNAs act on multiple aspects of translational regulation (examples in Supplemental Table 1 ).
Regulation of overall gene expression
Canonical C/D box snoRNAs interact with their target RNAs through their 10-20 nt long antisense-box elements. In contrast, psnoRNAs can interact with other sequence elements with their targets, as they form a different RNP. For example, the C/D box snoRNA SNORD88C (HBII-180C) predicted to target 28S rRNA [21] is processed into shorter fragments [31] and exhibits complementarity to fibroblast growth receptor-3 (FGFR-3) premRNA in an area between the D' and C' box, called the M-box for mRNA complementarity. The M-box sequence is active, as it can change GFP reporter gene expression in a sequence dependent way [57] . These studies indicate a snoRNA mediated change in gene expression could be an addition to siRNA based-gene knockout strategies ( Figure 2F ). psnoRNAs regulate alternative splicing SNORD115 (HBII-52) is a C/D box snoRNAs that is processed into shorter fragments [25] . The full-length snoRNA shows a perfect 18 nt long complementarity between its antisense box and the alternative exon of the serotonin receptor 2C pre-mRNA. Using the antisense box sequence as a guide, six more alternative exons were identified that are regulated by SNORD115 [37] , suggesting that this snoRNA can regulate multiple transcripts. Since the SNORD115 clusters generate both full-length snoRNAs and psnoRNAs, it is difficult to determine which is the functional RNA form. It is possible that the shorter psnoRNAs represents degradation products. However, since psnoRNAs are metabolically stable and form complexes with hnRNPs involved in alternative splicing regulation, it is likely that the shorter RNAs are functional in splice site selection. SNORD88C (HBII-180C) is another snoRNA that is processed and that exhibits complementarity to a pre-mRNA [31] . In addition to changing reporter gene expression, HBII-180C expression increases exon inclusion in the FGFR-3 gene, likely by an interaction between its M-box and an intronic FGFR-3 element [32] . The reports show that psnoRNAs can change splicing through interactions of antisense and M-box elements with pre-mRNA regulatory elements ( Figure 2G ).
psnoRNAs In Disease
Given the multiple functional roles snoRNAs and their processed fragments play, it is not surprising they are involved in human diseases. HBII-52 and HBII-85 are two orphan snoRNAs expressed from an imprinted region on chromosome 15, the Prader-Willi critical region. Loss of gene expression from this region leads to Prader-Willi syndrome that is characterized by hyperphagia, hormonal imbalances, short stature and mild mental retardation. Recent genetic studies identified three patients where only the units expressing HBII-85 and HBII-52 are deleted. One of these patients has only a micro deletion of HBII-85 [58, 59] , suggesting the loss of these psnoRNA-expressing clusters is a decisive cause for the syndrome that could be enhanced by the loss of other proteins in the region. Prader-Willi subjects show symptoms of the autistic spectrum. Interestingly, overexpression of MBII-52 generates mice that show similar symptoms in behavioral tests [60] .
As described above, several target genes for HBII-52 have been identified, but HBII-85 targets remain to be identified. Direct cloning of protected fragments [35, 37] and deep sequencing of RNPs [36] indicated that HBII-52 and HBII-85 are processed into shorter fragments. However, conventional cloning suggested that HBII-52 generated only on canonical snoRNA and a minor shorter fragment of 49 nt containing the antisense box [42] . The reasons for these differences remain to be determined. They could include different techniques or biological differences in the material used.
There are a growing number of reports that a change in snoRNA expression occurs during cancer development [17, [61] [62] [63] [64] [65] . Given the widespread processing of snoRNAs, it is likely that some of these snoRNAs act through their processed forms.
CONCLUSION
The accumulating evidence clearly shows that most snoRNAs are processed into smaller RNAs, collectively termed sdRNAs (snoRNA derived RNAs). Similar to other non-coding RNAs, it is difficult to say whether sdRNAs represent RNAs on their way to degradation or have a cellular function. It is possible that sdRNAs represent both: fragments of longer RNAs generated by a degradation mechanism that can be selected to function in RNA metabolism, which is indicated by their stability.
Some snoRNAs generate miRNAs, whereas others give rise to longer RNAs, psnoRNAs. The snoRNA derived miRNAs fulfill traditional cytosolic functions. Several canonical snoRNAs, which were experimentally validated to edit rRNA, generated miRNAs that influenced translation. This could indicate that snoRNAs influence protein synthesis on both rRNA processing and translation. The conversion of snoRNAs to miRNAs through RNAses could be a new integration mechanism that could become a general principle.
The processed snoRNAs have new functions in pre-mRNA processing and in controlling of gene expression. Since psnoRNAs do not form canonical snoRNPs, they can likely interact with their targets in any part of their sequence. Bioinformatic predictions for target genes should take this into account.
It is likely there is no uniform pathway for the formation of psnoRNAs and snoRNA derived miRNAs. Both RNA forms could derive from mature snoRNAs or their precursors through the action of a competing set of RNAses.
Similar to canonical snoRNAs, psnoRNAs likely serve as a scaffold to form protein complexes and also as a targeting device. Given the multiple functions described for psnoRNAs, it is likely they work with different mechanisms in various aspects of gene expression: gene transcription, pre-mRNA processing and possibly chromatin modification. Therefore, psnoRNA could play an important regulatory role in gene expression. rRNAs: ribosomal RNAs are embedded in a larger precursor RNAs from which they are released through a series of endo and exo-nuclease activities [66] . tRNAs: transfer RNAs are generated from precursors that often contains introns, that are released through nuclease cleavage [67] . snRNAs: a primary pol II transcript is cleaved at the 3' end [68, 69] . snoRNAs: in vertebrates, small nucleolar RNAs are located in introns from which they are released after lariat opening and exonuclease trimming [68] . miRNAs: microRNAs reside in double stranded structures, which are cleaved by Drosha/ DGCR8 and later DICER [4] . endosiRNAs: endogenous siRNAs are cleaved by DICER [70, 71] . Stars indicate base modifications that have been well documented for rRNA [66] , tRNA, snRNA [67] and snoRNA [72] . The dotted arrow indicates the generation of miRNAs from snoRNAs. It is currently not clear at what stage this further processing occurs. A: Most mammalian snoRNAs reside in introns from which they are released during the splicing reaction. After lariat opening, the intron is degraded by exonucleases (yellow). Proteins assembling on the snoRNA prevent its further degradation and mature snoRNAs accumulate in the nucleolus (B). It is currently unclear whether sdRNAs originate from a common precursor RNA (C) or are generated from snoRNAs through further processing (D). E: snoRNA give rise to psnoRNAs and miRNAs that together form snoRNA derived RNAs (sdRNAs). F: psnoRNAs influence gene expression and (G) alternative splicing. H: snoRNA derived miRNAs act in translational regulation. I: Canonical snoRNAs can accumulate in the cytosol under stress conditions. [76, 77] Bioessays. Author manuscript; available in PMC 2014 January 01.
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